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In quantum optics, light-matter interaction has conventionally been studied us-
ing small atoms interacting with electromagnetic fields with wavelength several
orders of magnitude larger than the atomic dimensions [1, 2]. In contrast, here we
experimentally demonstrate the vastly different giant atom regime, where an ar-
tificial atom interacts with acoustic fields with wavelength several orders of mag-
nitude smaller than the atomic dimensions. This is achieved by coupling a su-
perconducting qubit [3] to surface acoustic waves at two points with separation
on the order of 100 wavelengths. This approach is comparable to controlling the
radiation of an atom by attaching it to an antenna. The slow velocity of sound
leads to a significant internal time-delay for the field to propagate across the gi-
ant atom, giving rise to non-Markovian dynamics [4]. We demonstrate the non-
Markovian character of the giant atom in the frequency spectrum as well as non-
exponential relaxation in the time domain.
Following studies of the interaction between atoms and photons in cavity Quantum
Electrodynamics (cavity QED) configurations, where the atom is placed inside a cav-
ity to enhance the interaction strength with the radiation field[5, 6], superconduct-
ing circuit quantum electrodynamics emerged in the last 15 years as an analogue to
the cavity QED experiments. This has enabled probing the strong coupling regime of
atom - light interaction to study exotic phenomena including vacuum Rabi splitting
[7] and the controlled generation of non-classical photon states [8, 9]. A later de-
velopment was waveguide QED where superconducting circuits where coupled to
open transmission lines [10, 11, 12]. These experiments replace natural atoms and
optical cavities with Josephson junction-based superconducting circuits behaving
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as artificial atoms strongly coupled to the field in open transmission lines or planar
or 3D microwave resonators [13, 12].
For atoms coupled to laser light in optical cavity QED and the interaction of mi-
crowaves with either Rydberg atoms in cavities or artificial atoms in circuit QED,
treating the atom as a pointlike dipole is a valid approximation. In fact, in all the
experiments mentioned above the size of the atom is at least an order of magnitude
smaller than the wavelength of the interacting radiation.
More recently, a superconducting transmon qubit [14] was coupled to propagating
surface acoustic waves (SAW) on a piezoelectric substrate [15], demonstrating qubit
decay by SAW emission and nonlinear reflection of SAW beams. Analogues of Res-
onator QED architectures were realized in later experiments [16, 17, 18, 19, 20] where
an artificial atom was coupled to the phonons inside an acoustic cavity [21]. Further
work exploited superconducting qubits to generate and characterize phononic Fock
states in SAW cavities as well as in bulk acoustic cavities [17, 22]. Owing to the slow
propagation speed of sound in solids (3000 m/s), for a given frequency the wave-
length of sound is five orders of magnitude smaller than that of light in vacuum.
This property allow artificial atoms to interact with propagating acoustic fields be-
yond the small-atom approximation [23, 4].
Growing interest in quantum information science has spurred recent theoretical in-
vestigations of systems with deterministic time delays [24, 25]. Here we have real-
ized a simple version of such a system – a single quantum emitter coupled at two
distant points to a radiation field in one dimension. It has been suggested that this
form of non-Markovianity could be exploited to generate cluster states for univer-
sal measurement-based quantum computation requiring considerably less hard-
ware resources than gate-based approaches [25]. Recent work [26] has also demon-
strated that architectures involving multiple such giant atoms can be designed to re-
alize inter-atomic interactions while protecting the atoms from decohering into the
waveguide. This makes giant atoms a relevant candidate for applications in quan-
tum simulation.
The artificial atom in this experiment is a transmon qubit, consisting of a SQUID
loop connected in parallel with an interdigital transducer (IDT) [15, 27]. This inter-
digitated finger structure provides a shunt capacitance for the transmon as well as
coupling to SAW at wavelengths matching the periodicity of the IDT, 1.25µm. The
strength of the coupling is proportional to the number of IDT finger pairs Np . Due
to the fixed periodicity of the finger structure, the coupling is frequency dependent
with a bandwidth that scales inversely with Np . Our devices are fabricated using alu-
minium on GaAs which has a SAW velocity of vSAW = 2900m/s. The piezo-electric
coupling coefficient (K 2 = 0.07%) of GaAs, while relatively low compared to materi-
als such as lithium niobate and quartz [27], is still strong enough to ensure that the
qubit lifetime τ is dominated by the acoustic coupling.
The giant atom is realized by splitting the IDT into two electrically connected cou-
pling points separated a by a distance L. Relevant sample parameters are listed in
table 1. Due to the strong electromechanical coupling and slow propagation velocity
of SAW, the propagation time T = L/vSAW can be orders of magnitude larger than the
excited state lifetime. In such a case, a phonon emitted into the transmission line at
one coupling point of the qubit due to the spontaneous decay may later be reab-
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sample Np γ/2pi T γT L γgate/2pi (g/2pi)
A1 14 6.1 MHz 19 ns 0.8 55µm 1.25 MHz
A2 14 4.4 MHz 46 ns 1.4 125µm 1.5 MHz
A3 18 5.8 MHz 190 ns 7.0 550µm 2.2 MHz
A4 18 5.3 MHz 190 ns 6.3 550µm -
B1 14 4.8 MHz 160 ns 4.8 450µm 18 MHz
Table 1: IDT finger pairs per coupling point Np , Acoustic coupling strength per cou-
pling point γ, time delay T and coupling point separation L for the giant atom sam-
ples. All samples have an IDT center frequency of 2.3 GHz. The resonator in sample
B1 has a resonance frequency of 2.77 GHz. The rightmost column shows coupling
strength to electrical gate γgate (A1, A2, A3) and readout resonator g (B1).
The parameters for samples A1, A2, A3 are extracted from fits to the gate reflection
measurements shown in Fig. 2b, where γ is estimated by a fit of the resonance fre-
quency to eq. (2). The gate coupling γgate is estimated from the linewidth. The pa-
rameters for sample B1 are determined by two-tone spectroscopy of the absorption
(γ,T , Fig. 3a), and qubit-resonator vacuum rabi splitting (g ).
sorbed by the qubit at the second point. Considering the local IDT as a pointlike
coupling center with coupling strength γ, the time-delay dynamics of the excited
state amplitude ae in the absence of external driving is given by [4]
∂ae (t )
∂t
=−iω01ae (t )−γ (ae (t )+ae (t −T )) (1)
where ω01/2pi is the qubit resonance frequency. In the giant atom regime, charac-
terised by γT & 1, the time delayed coupling term in eq. (1) introduces markedly
non-Markovian effects, which is the subject of this paper.
The SAW-giant atom interaction is characterized using two different device designs.
In design A, shown in Fig. 1a, the transmon is embedded in a SAW transmission line
with IDTs to generate and pick up acoustic signals. In addition to IDTs on either side,
a capacitively coupled gate provides electrical control. Using this design we first
measure the SAW scattering properties to verify acoustic coupling. The steady-state
emission properties are then characterized for a range of giant atom parameters by
measurements via the electrical gate. For a chosen set of giant atom parameters, we
implement a second device, design B, where the transmon is capacitively coupled
to a coplanar waveguide λ/4 resonator. This enables us to read-out the state of the
transmon by probing the resonator, which we exploit to perform spectroscopy on
the giant atom as well as time domain relaxation measurements. All the measured
results are obtained at the 10 mK base temperature of a dilution refrigerator. The
qubit resonance frequency is tuned into the SAW coupling band (ω01/2pi≈ 2.3GHz)
using an applied external magnetic flux.
The steady state acoustic transmission amplitude is measured at the pick-up IDT
while a continous weak SAW drive is applied to the giant atom using the launcher
IDT. In Fig. 2a we map the acoustic transmission amplitude for sample A4 as a func-
tion of drive frequency ωd/2pi while tuning the qubit resonance frequency ω01/2pi.
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At weak driving powers, we expect to approach the limit of near-perfect extinction
of transmitted SAWs when ωd matches ω01 [28, 10]. However, for our giant atom,
we observe that interference between the scattering of each point causes the the
condition for total reflection of a coherent beam to be modified from ωd = ω01. A
right-propagating SAW beam of frequency ω/2pi transmitted at x = 0 (left coupling
point) will pick up a phase factor e iωT before interacting with the giant atom again
at x = L. The phase factors add up to yield a maximum reflection condition of [4]
ω01 =ωd −γsinωdT . (2)
The coupling point separation of sample A4 (L = 550µm) is sufficiently large that
interference fringes are visible within the bandwidth constrained by the launcher
and pickup IDTs.
Next, we study the the SAW emission form the giant atom. A continuous drive of fre-
quencyωd/2pi is applied to the capacitively coupled electrical gate while measuring
the reflected amplitude of the drive tone. Efficient conversion of the input signal to
SAW will result in a dip in the gate reflection, allowing for the characterization of the
steady state emission of the giant atom (Fig. 2b). Similarly to the acoustic reflection
off a giant atom, this does not generally occur for ω01 =ωd [supplementary].
The condition for maximal transduction of the electrical signal to outgoing SAW co-
incides with maximal acoustic reflection and is given by eq. (2). In addition, the
giant atom coupling to SAW depends on the drive frequency as
γeff = γ (1+cosωdT ) . (3)
As this measurement is not limited by the bandwidth of the launcher IDTs, the giant
atom properties may be probed across a wider frequency range than in the purely
acoustic case. We exploit this to measure gate reflection for three samples with in-
trinsic time delays of T ≈ {19ns,45ns,190ns}. Going deeper into the giant atom
regime, i.e. increasing T , leads to a finer interference structure in the gate reflection,
which is shown in Fig. 2b. Fitting the resonance frequency modulation to data from
the largest atom, the designed separation distance (550µm) yields a SAW velocity of
2906 m/s on GaAs, consistent with literature values at millikelvin temperatures [27].
Coupling the giant atom to an electromagnetic resonator in addition to the SAW field
enables spectroscopy in the dispersive regime of circuit QED. This allows us to mea-
sure the excited state population. In sample B1, a λ/4 resonator with resonance
frequency fr = 2.77GHz is capacitively coupled to the giant atom with coupling
strength g/2pi = 15MHz. Operating the giant atom at IDT resonance (2.29 GHz)
gives an atom-cavity detuning of 480 MHz, resulting in a dispersive shift χ/2pi =
0.47MHz. This is small compared to the SAW-atom interaction strength but suffi-
ciently large to read out the qubit state via the resonator phase response. The spec-
trum of sample B1 is probed in two-tone spectroscopy with a weak, fixed-frequency
readout tone applied at fr while a drive tone is swept across the resonance of the gi-
ant atom. The interaction with phonons already emitted into the SAW channel gives
rise to a multi-peak structure in the absorption very different from the Lorentzian
lineshape of ordinary (small) atoms. In Fig. 3a the phase of the readout tone is shown
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along with a fit to the expression
S0 (ω)= ω01∣∣ω−ω01+ iγ(1+e iωT )+ iγres∣∣2 (4)
where γres ≈ 2pi ·6.85MHz represents residual broadening of the spectral lineshape
induced by non-acoustic decay as well as the finite spectroscopic drive power.
The spectrum of the giant atom excitation is related to its time evolution via the
Fourier transform, such that S0 =
∣∣∫∞−∞ ae (t )e iωtdt ∣∣2. The excitation amplitude of
an initially excited giant atom evolves according to
ae (t )=
∞∑
n=0
Θ (t −nT )
(−γ (t −nT ))n
n!
e−i(ω01−iγ−iγres)(t−nT ) (5)
where Θ (t ) is the Heaviside function. For times t > T , interference between the
instantaneous relaxation and the amplitude already emitted into the acoustic field
gives rise to subexponential decay. While the inital decay is exponential with a rate
fixed by γ, each revival peak decays slower than exponentially and, on sufficiently
short timescales, the peak amplitude is only polynomially damped. The time evolu-
tion of |ae (t )| that corresponds to the power spectrum of Fig. 3a is shown as the red
line in Fig. 3b. It captures well the features of the Inverse Fourier Transform (IFT) of
the measured giant atom power spectrum (black dotted line, Fig. 3b).
To directly probe the non-exponential decay in the time domain, we monitor con-
tinuously the phase response of the readout resonator while applying an approxi-
mate pi-pulse to the giant atom. The data is averaged approximately 107 times and
shown as the blue line in Fig. 3a. The readout tone is applied with high power [29]
such that the qubit-cavity system enters the nonlinear regime where switching be-
tween meta-stable states occur. In this regime the resonator acquires a memory of
the qubit state longer than the qubit relaxation time, giving rise to a slowly decay-
ing exponential envelope. This appears as a smearing effect in the time trace. Two
revivals of the giant atom are clearly visible in this measurement, occurring at times
consistent with the spectroscopic data.
In conclusion, we have implemented an acoustic giant atom – a single quantum
system with an intrinsic time delay. We have demonstrated that superconducting
qubits can be strongly coupled to SAW such that the giant atom regime can be reached
with significant internal time delays giving rise to strongly non-Markovian dynam-
ics. This is confirmed in the electrical and acoustic scattering properties as well as in
the qubit spectrum and time-domain relaxation with good agreement with theory.
In particular we observed non-Markovian revivals in the giant atom population as
well as an absorption spectrum consistent with polynomial damping of the decay
envelope. Our results show that the acousto-electric interaction can be exploited to
investigate previously unexplored parameter regimes of light-matter interaction.
The SAW giant atom platform demonstrated here shows promise for important fu-
ture applications in quantum information processing. simulation utilizing the pro-
tection from decoherence attainable in certain configurations [26]. This work can
further be extended by exploiting the time delay intrinsic to the giant atom to gen-
erate cluster states for quantum computation [25].
5
ACKNOWLEDGEMENTS
This work was supported by the Knut and Alice Wallenberg foundation and by the
Swedish Research Council, VR. This project has also received funding from the Euro-
pean Union’s Horizon 2020 research and innovation programme under grant agree-
ment No 642688. We acknowledge fruitful discussion with M.K Ekström and G. Jo-
hansson.
REFERENCES
[1] Brune, M., Haroche, S., Lefevre, V., Raimond, J. M. & Zagury, N. Quantum non-
demolition measurement of small photon numbers by Rydberg-atom phase-
sensitive detection. Physical Review Letters 65, 976–979 (1990).
[2] Raimond, J. M., Brune, M. & Haroche, S. Manipulating quantum entanglement
with atoms and photons in a cavity. Rev. Mod. Phys. 73, 565–582 (2001).
[3] Schoelkopf, R. J. & Girvin, S. M. Wiring up quantum systems. Nature 451, 664–
669 (2008).
[4] Guo, L., Grimsmo, A. L., Kockum, A. F., Pletyukhov, M. & Johansson, G. Giant
acoustic atom: A single quantum system with a deterministic time delay. Phys-
ical Review A 95, 053821 (2017).
[5] Goy, P., Raimond, J. M., Gross, M. & Haroche, S. Observation of cavity-enhanced
single-atom spontaneous emission. Physical Review Letters 50, 1903–1906
(1983).
[6] Miller, R. et al. Trapped atoms in cavity qed: coupling quantized light and mat-
ter. Journal of Physics B: Atomic, Molecular and Optical Physics 38, S551 (2005).
[7] Wallraff, A. et al. Strong coupling of a single photon to a superconducting qubit
using circuit quantum electrodynamics. Nature 431, 162–167 (2004).
[8] Hofheinz, M. et al. Synthesizing arbitrary quantum states in a superconducting
resonator. Nature 459, 546–549 (2009).
[9] Wang, C. et al. A schrödinger cat living in two boxes. Science 352, 1087–1091
(2016).
[10] Hoi, I. C. et al. Demonstration of a Single-Photon Router in the Microwave
Regime. Physical Review Letters 107, 073601 (2011).
[11] Abdumalikov, A. A. et al. Electromagnetically Induced Transparency on a Single
Artificial Atom. Physical Review Letters 104, 193601 (2010).
[12] Roy, D., Wilson, C. M. & Firstenberg, O. Colloquium: Strongly interacting pho-
tons in one-dimensional continuum. Rev. Mod. Phys. 89, 021001 (2017).
6
[13] Paik, H. et al. Observation of High Coherence in Josephson Junction Qubits
Measured in a Three-Dimensional Circuit QED Architecture. Physical Review
Letters 107, 240501 (2011).
[14] Koch, J. et al. Charge-insensitive qubit design derived from the Cooper pair
box. Physical Review A 76, 042319 (2007).
[15] Gustafsson, M. V. et al. Propagating phonons coupled to an artificial atom.
Science 346, 207–211 (2014).
[16] Manenti, R. et al. Circuit quantum acoustodynamics with surface acoustic
waves. Nature Communications 8, 1–5 (2017).
[17] Chu, Y. et al. Quantum acoustics with superconducting qubits. Science 358,
199–202 (2017).
[18] Moores, B. A., Sletten, L. R., Viennot, J. J. & Lehnert, K. W. Cavity quantum
acoustic device in the multimode strong coupling regime. Phys. Rev. Lett. 120,
227701 (2018).
[19] Bolgar, A. N. et al. Quantum regime of a two-dimensional phonon cavity. Phys.
Rev. Lett. 120, 223603 (2018).
[20] Noguchi, A., Yamazaki, R., Tabuchi, Y. & Nakamura, Y. Qubit-assisted transduc-
tion for a detection of surface acoustic waves near the quantum limit. Phys.
Rev. Lett. 119, 180505 (2017).
[21] Manenti, R. et al. Surface acoustic wave resonators in the quantum regime.
Phys. Rev. B 93, 041411 (2016).
[22] Satzinger, K. J. et al. Quantum control of surface acoustic wave phonons.
arXiv:1804.07308 1–12 (2018).
[23] Kockum, A. F., Delsing, P. & Johansson, G. Designing frequency-dependent re-
laxation rates and Lamb shifts for a giant artificial atom. Physical Review A 90,
013837 (2014).
[24] Pichler, H. & Zoller, P. Photonic Circuits with Time Delays and Quantum Feed-
back. Physical Review Letters 116, 093601 (2016).
[25] Pichler, H., Choi, S., Zoller, P. & Lukin, M. D. Universal photonic quantum com-
putation via time-delayed feedback. Proceedings of the National Academy of
Sciences 114, 11362–11367 (2017).
[26] Kockum, A. F., Johansson, G. & Nori, F. Decoherence-Free Interaction between
Giant Atoms in Waveguide Quantum Electrodynamics. Physical Review Letters
120, 140404 (2018).
[27] Aref, T. et al. Quantum acoustics with surface acoustic waves. In Hadfield, R. H.
& Johansson, G. (eds.) Superconducting Devices in Quantum Optics, 217–244
(Springer International Publishing, Cham, 2016).
7
[28] Astafiev, O. et al. Resonance fluorescence of a single artificial atom. Science
327, 840–843 (2010).
[29] Reed, M. D. et al. High-fidelity readout in circuit quantum electrodynamics
using the jaynes-cummings nonlinearity. Phys. Rev. Lett. 105, 173601 (2010).
a b
in out
in out
in
out
Figure 1: Device layouts. a, false-color optical micrograph and circuit schematic of a
giant atom capacitively coupled to an electrical gate. The GaAs substrate is shown in
blue and the aluminum circuit and ground planes are white. The transmon circuit
that makes up the giant atom is grounded and has two Josephson junctions forming
a SQUID loop to enable frequency tuning via an external coil. The acoustic reflection
and transmission properties are probed via IDTs on either side of the giant atom.
A circulator routes the reflected gate signal to a cryogenic HEMT amplifier. Inset
shows a false-color SEM image of the finger structure of the giant atom IDTs. b, false-
color optical micrograph and circuit schematic of giant atom coupled to a coplanar
waveguide resonator. Excitation and readout tones are sent via a circulator to the
resonator input. The reflected readout signal is amplified and measured similarly to
the gate reflecion in a.
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Figure 2: a, Acoustic power transmission (normalized) of a SAW signal from launcher
IDT to pickup IDT measured as function of SAW frequency ωd/2pi and giant atom
frequencyω01/2pi for sample A4. The background transmission when the giant atom
is far detuned from the SAW frequency range has been subtracted. The small pos-
itive values for certain frequencies is an artefact of this subtraction [supplemen-
tary]. The magnitude is normalized to the maximal SAW transmission of the sub-
tracted, far-detuned trace. The two visible dips in transmission are separated by
1/T ≈ 5MHz. The limited bandwidth of the launcher and pickup IDTs allows the
acoustic scattering to be mapped across a frequency span of approximately 14 MHz.
b, Reflected electromagnetic power (normalized) off the capacitively coupled elec-
trical gate for three different giant atoms. (A1-A3) The reflectance is measured while
sweeping the drive frequency ωd and giant atom frequency ω01 (left panel). Theo-
retical reflectance given by eq. (8) of [supplementary] (right panel). Sample param-
eters are listed in table 1. The residual dissipation included to generate the theory
plots are γq/2pi= {1.5MHz,3.5MHz,4.0MHz} for A1, A2, A3. Increasing the coupling
point separation, and thereby the time delay T , gives rise to finer structure in the in-
terference pattern. The background reflection when the giant atom is far detuned
from the SAW frequency range has been subtracted.
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Figure 3: a, Two-tone spectroscopy of the giant atom measured through the elec-
tromagnetic resonator. A fixed-frequency readout is applied on resonance with the
resonator, while a probe tone is swept across the giant atom resonance ω01/2pi =
2.29GHz. The dotted black line shows the spectrum (normalized) of a giant atom
with L = 450µm (sample B1) obtained from the readout phase response. A fit to
eq. (4) is shown as a red line. The multi-peak structure arises due to the interfer-
ence of SAW emission from the giant atom coupling points. b, Time evolution of
the giant atom excited state population. The dotted black line shows the magni-
tude of the inverse Fourier transform of the (complex-valued) spectrum plotted in
a. The red line shows the time evolution of |ae (t )| corresponding to the spectrum
S0 in a. This implies the (magnitude square) Fourier transform of ae gives the fit
to S0. The relaxation obtained in the time domain via a readout tone to the res-
onator is shown in blue. The elevated power in the readout tone causes slowdown
in the qubit-resonator interaction, leading to the slowly decaying envelope in the
response.
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1SUPPLEMENTARY MATERIALS
Semiclassical model for the acoustic coupling
Approximating the SAW-coupled qubit as a classical RLC circuit dissipating energy stored in the LC resonator by
conversion to SAW, the energy relaxation rate to SAW on resonance (ω01 = ωIDT ) is given by [27]
Γ01 ≈ Npω01K
2
2
. (1)
Taking Np = 14, ω01/2pi = 2.3GHz yields a relaxation rate of Γ01/2pi = 11.3MHz. Considering the factor of two relating
energy and amplitude decay, this gives γ/2pi = Γ01/4pi = 5.6MHz, an estimate in good agreement with the values we
obtain experimentally.
Derivation of gate reflection coefficient
With the inclusion of gate driving α(t), the dynamics of the excited state amplitude ae(t) is described by the following
equation of motion (for detailed derivation see Ref. [4])
dae(t)
dt
= −iω01ae(t) − (γ + γgate + γgate)ae(t) − γae(t − T ) − i√γgate[α+(t) + α−(t)], (2)
where the parameter γ is the coupling rate between the single IDT coupling point to the transmission line where
the travelling time T between two IDT legs has been considered. The parameter γgate is the coupling rate between
the driving gate and the giant atom, which has no time-delay effect. We divide the total driving signal into two
parts, i.e., α+(t) = 1√2pi
∫
dωαω(0)e−iωt and α−(t) = 1√2pi
∫
dωαω(0)eiωt, representing the transmitted and reflected signals
respectively. Here, we also include the coupling rate γres of qubit to other channels except the driving gate and the
SAWs. By Fourier transforming the probability amplitude of the excited state ae(ω) =
∫
dtae(t)eiωt with ae(t < 0) = 0,
we have the following equation
− ae(0) − iωae(ω) = −iω01ae(ω) − (γ + γgate + γres)ae(ω) − γeiωTae(ω) − i
√
2piγgate
[
αω(0) + α−ω(0)
]
. (3)
Thus, the Fourier frequency component of the excited state probability amplitude is calculated as
ae(ω) =
iae(0) +
√
2piγgate
[
αω(0) + α−ω(0)
]
ω − ω01 + i(γ + γgate + γres) + iγeiωT . (4)
If the atom is initially in the ground state, we have the time evolution of the probability amplitude of excited state
ae(t) =
1
2pi
∫
dωae(ω)e−iωt =
√
γgate
2pi
∫
dω
αω(0) + α−ω(0)
ω − ω01 + i(γ + γgate + γres) + iγeiωT e
−iωt. (5)
Following Eq. (A28) in Ref. [4], the time evolution of the Fourier frequency component of reflected signal at the driving
gate is given by
α−ω(t) = e−iωtα−ω(0) − i
√
γgate
2pi
∫ t
0
dt′ae(t′)eiω(t
′−t)
= e−iωtα−ω(0) − iγgate2pi
∫
dω′
αω′ (0) + α−ω′ (0)
ω′ − ω01 + i(γ + γgate + γres) + iγeiω′T e
−iωt
∫ t
0
dt′ei(ω−ω
′)t′ . (6)
In the long-time limit, using the identity limt→∞
∫ t
0 dt
′ei(ω−ω′)t′ = 2piδ(ω − ω′) and taking the initial driving condition
α−ω(0) = αω(0), we have
α−ω(∞) = e−iωtα−ω(0)
[
1 − iγgate 2
ω − ω01 + i(γ + γgate + γres) + iγeiωT
]
= e−iωtα−ω(0)
ω − ω01 + i(γ − γgate + γres) + iγeiωT
ω − ω01 + i(γ + γgate + γres) + iγeiωT . (7)
Finally, we get the reflection coefficient from the driving gate
R = |α−ω(∞)|
2
|αω(0)|2 =
[ω − ω01 − γ sin(ωT )]2 + [γ + γ cos(ωT ) − γgate + γres]2
[ω − ω01 − γ sin(ωT )]2 + [γ + γ cos(ωT ) + γgate + γres]2 . (8)
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Supplementary figure 1. Transmitted acoustic power (normalized) measured on sample A4. The y-axis shows the bias voltage
applied to drive a current through the external magnetic coil, tuning the resonance frequency of the giant atom. The same
data after processing is shown in Fig. 2a of the main text.
Acoustic transmission
The raw data acquired in acoustic transmission on sample A4 is shown in Supplementary figure 1. In postprocessing,
the trace corresponding to a bias voltage of 1.62V has been subtracted. The background level differs slightly depending
on the sign of the qubit-IDT detuning. This gives rise to the positive transmission values for certain frequencies in
the processed data. In addition to background subtraction, postprocessing includes time gate filtering in the Fourier
transform domain to filter out electrical crosstalk.
Additional spectroscopy data
We perform two-tone spectroscopy as described in the main text and shown in Fig. 3a on an additional sample with
coupling point separation L = 550µm (T ≈ 190 ns). The results are shown in Supplementary figure 2. We extract
the parameters γ/2pi = 4.8MHz, T = 190 ns, γres/2pi = 3.6MHz. Compared to the measurement shown in Fig. 2a in
the main text, the power of the drive tone has been reduced by approximately 5 dB, leading to the smaller residual
broadening extracted here.
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0.0
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Supplementary figure 2. Two-tone spectroscopy of the giant atom power spectral density measured through an electromagnetic
resonator (see main text). A fit is shown in red. This giant atom has Np = 14 finger pairs per coupling point, which are
separated by L = 550µm.
